reveals that all three cell lines had multiwas retrofitted into URA3 of the vector arm for drug selection and expression assay. Ura3 Ϫ , LYS2 yeast colople bands of hybridization. As shown in Figure 1C , this resulted at least in part from multicopy transgene insernies were isolated. The presence of Xist was verified by PCR for five exons. To determine the extent of genomic tion. Densitometric scanning of an EcoRI-digested genomic Southern blot indicated that clone 116.6 carries coverage and rule out the possibility of gross rearrangement within the YAC, we performed pulsed-field gel 20-30 copies of Xist, 116.7 carries 6-8 copies, and 116.13 carries 3-4 copies (approximated as 24, 7, and electrophoresis (PFGE) analysis using methylation-sensitive enzymes and microsatellite markers, DXpas29 and 3, respectively). Our data do not exclude the possibility of internal YAC rearrangements at the site of insertion; DXpas31 (Simmler et al., 1993) , derived from the Xic ( Figure 1A) . Comparison of the restriction map of Y116 in fact, while some transgene copies appeared to be intact by cohybridization to Xist and vector probes, othwith the C57BL/6 genomic map (Heard et al., 1993; Cooper et al., 1993) demonstrated that Y116 is grossly intact ers were apparently rearranged. The sites into which the transgenes had integrated and contains no detectable rearrangements. While digestion with SalI, SfiI, NaeI, BssHII, and EagI generated were then determined by FISH of metaphase chromosomes ( Figure 3A) . Using fluorescein-labeled Y116 DNA the expected C57BL/6 fragments, the NotI digestion revealed a 350 kb fragment rather than the 550 kb preas a probe to detect Xic loci, FISH analysis revealed that the transgene had a single site of integration in dicted from the genomic map, suggesting that the YAC is truncated somewhere distal to the EagI site. Figure 6E) .
The results of RNase protection assay and FISH analybe chosen for expression, suggesting that elements required for the choice mechanism must reside with Y116. sis demonstrate that Xist RNA is induced in differentiating male ES cells with ectopic Xic loci. They imply that Furthermore, the presence of double expressers argues that copies of the Xic inserted in cis may be perceived the female dosage compensation pathway was inappropriately activated in these male cells and that the 450 kb as separate X equivalents. transgene can count extra X equivalents in the genome.
Increased Cell Death in Differentiating Transgenic ES Cells Both Ectopic and Endogenous Xics Are Chosen for Xist Expression
If Xist-X expression resulted in X inactivation, increased cell death would be evident in male ES cells undergoing We next wished to determine whether transgenic cells could "choose" between the autosomal and X-chromodifferentiation. Furthermore, if each Xic can be independently "counted" as an X equivalent, cell death would somal Xic in the way that female cells undergoing X inactivation choose randomly between the maternal and be most abundant in 116.6 and least abundant in 116.13. To test these possibilities, a cell death assay was perpaternal Xs. Since the clones contain multiple transgene copies, the possibility that Xics in cis could be counted formed on normal male and transgenic ES cells. As ES cells differentiate, a small number of cells undergo proas separate X equivalents must be considered. hybridization resulted from the frequent tetraploid state of immortalized fibroblasts. In data not shown, double hybridization for Y116 DNA and Xist RNA confirmed that As shown in Figure 4 , while wild-type J1 cells underwent cell death at a low but even pace during differentiation, the RNA localized to the ectopic Xic. Thus, as seen in differentiating ES cells in vitro, the Xist RNA was abuntransgenic ES cells had a markedly elevated cell death rate between days 3 and 6. Beyond day 8, cell death dant, well circumscribed, localized to the site of transcription, and did not diffuse throughout the nucleus or remained relatively greater in transgenic lines compared with controls; however, the difference in level was cytoplasm. Taken together, the RNase protection assay and FISH sharply reduced. Of note, this time period between days 3 and 6 coincides precisely with up-regulation of Xist analysis demonstrated that Xist RNA was expressed at high levels in vivo, similar to levels found in vitro in RNA expression during in vitro differentiation (Figure 2 ). This close correlation between time of Xist expression differentiating ES cells. However, in contrast to differentiating cells in vitro, Xist expression was not observed and cell death suggests that cell death may result from Xist expression. We also observed that the amount of from the endogenous locus from postnatal fibroblasts. These results are consistent with our hypothesis that cell death directly reflected transgene copy number, such that 116.6 has the greatest extent of cell death Xist-X expression is cell lethal. and 116.13 has the least. These findings are consistent with the hypothesis that Xist expression from the X is Xist RNA Structurally Associates with the Autosome, and the Marker Gene, incompatible with cell viability, possibly as a consequence of X inactivation.
lacZ, Is Silenced
To begin to address consequences of ectopic Xics on the autosome, we asked, first, whether the ectopically Xist RNA Is Expressed Only from the Transgene in Postnatal Fibroblasts expressed Xist RNA coats the autosome as it does the X i and, second, whether ectopic Xics can transcriptionally If induction of Xist RNA led to X inactivation, cells expressing Xist-X would not be found in fully differentiated inactivate the marker lacZ. In our analysis of interphase nuclei, we observed that transgene (fluorescein labeled). These panels together demonstrate that the RNA extended beyond the site of Xist RNA in transgenic fibroblasts frequently occupied a peripheral, envelope-associated position ( Figure 6F) , transgene insertion into adjacent autosomal DNA. This observation is unlikely to be an artifact, since coating thus resembling Xist RNA localization in female fibroblasts ( Figure 6E ) and in agreement with previous work was observed by two different methods of cellular preparation, both cytogenetic ( Figures 6C and 6D ) and in demonstrating an association of the X i with the nuclear envelope (Belmont et al., 1986 ). Since we do not know situ ( Figure 6B ). Given the overlap between Xist RNA signal and the diamidophenylindole (DAPI)-stained authe nuclear position of the wild-type autosome, it is difficult to make conclusions regarding any potential tosome, we propose that Xist RNA coats the autosome as it does the X i in female cells. ported by the observation that, in undifferentiated ES and EC cells, Xist is expressed at a basal level detectable only by RT-PCR and FISH as a pinpoint dot from both site on lacZ expression. The results in Figure 7 indicate Xs. However, we do not favor this explanation because that, whereas lacZ was expressed at high levels in both double expressers exhibit much stronger RNA expres-ES clones, its expression was undetectable in any sion from both Xist-T and Xist-X than observed in undiftransgenic fibroblast line studied. Since Xist was not ferentiated or differentiating female cells. expressed in the undifferentiated state, lacZ expression We favor the alternative explanation that each signal in was not expected to be affected. However, if ectopic a double expresser represents commitment to initiation Xist RNA can silence genes in cis, lacZ would be off and that the dual expression is a consequence of multiin transgenic fibroblasts. These findings are consistent ple Xics. Hence, since clone 116.7 contains six copies with the hypothesis that the ectopic Xic can affect gene of the Xic on an autosome in addition to the one native expression in cis.
copy on the X, the autosome would be chosen for "inactivation" in 6 of 7 cells in keeping with the n Ϫ 1 rule.
Discussion
Likewise, the X would be chosen in 6 of 7 cells. been observed in C. elegans and Drosophila. In C. elegans, dosage compensation requires the function of However, if excess gene dosage were the cause, its effect would have to be lineage specific, as transgenic dpy-27, whose protein product associates specifically with the X in a mechanism that leads to general reduction ES cells can apparently contribute to a number of different cell types: excess copies were evidently not toxic of X-linked gene expression (Chuang et al., 1994) . Our present work establishes that Xist RNA can physiin fibroblasts and melanocytes. Nevertheless, the close correlation of death with the kinetics of Xist induction cally associate with at least one autosome in cis and, intriguingly, implies that coating of the Xi by Xist RNA and the correlation of magnitude of death with Xist copy number both support the idea that X inactivation may does not require X-specific factors distributed along the chromosome. The possibility remains that the ability to be occurring during differentiation.
Our present findings and conclusions appear to conassociate stably with the RNA is restricted to a small subset of chromosomes. Analysis of other transgenic tradict the work of Heard et al. (1996) and Matsuura et al. (1996) , in which introduction of Xic YACs onto murine lines will be informative and perhaps reveal chromosome-specific scaffolding elements required for RNA autosomes did not result in Xist induction in transgenic mice. This discrepancy may be explained by sequence binding. It will also be of interest to determine whether the extent and stability of autosomal coating match that differences in the YAC transgenes or by derivation of transgenics by microinjection in which a strong in vivo of endogenous Xist RNA on the Xi. Our preliminary data reveal that Xist RNA dissociates more readily from the selection could be imposed upon any integration that enables Xist expression. Interestingly, these authors autosome than from the X i during mitosis. Theoretically, Xist expression and chromosome inacalso demonstrated that integration of a truncated YAC into the Y chromosome resulted in high Xist expression, tivation are separable phenomena. Evidence that RNA coating may be accompanied by changes in gene exsuggesting that the Xic may be more complex than presently understood. pression in cis comes from data showing silencing of lacZ expression upon differentiation. Since expression Our current study indicates that elements for counting and choosing chromosomes must be encoded within was high prior to differentiation in ES cells and repression was observed from two independent clones, rethe 450 kb transgene. Although the existence of specific mechanisms for counting and choosing Xs has been pression was unlikely to be a function of the site of transgene insertion. However, we cannot exclude a diflong postulated, whether these mechanisms select active Xs or X i s remains unclear. As suggested by our ferentiation-specific down-regulation of the Pgk1 promoter reported by other authors (Matsuura et al., 1996) . work, counting/choosing elements may act as cis-acting
